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In layer V pyramidal neurons, neurons that project across the cor-
pus callosum have different electrophysiological properties compared
to neurons that project down to the pons. Hyperpolarization acti-
vated cyclic nucleotide gated (HCN) channels are thought to be the
basis of this difference. Characterizing how HCN channel influence
these electrophysiological differences may be key in determining how
neurons perform memory tasks. To determine the role of HCN in these
neuronal cells, these cells are injected with biotin, fixed and visualized
under a microscope. After tracing these cells using the Neurolucida
program, the cell parameters are imported into NEURON and mod-
eled with any hypothetical channel. We use these tracings or recon-
structions as well as cylinder representations of our cell measurements
to determine the effect of HCN channels on input resistance, time
constant and resonance. Our data from our model is consistent with
our hypothesis that the presence of HCN channels decrease the input
resistance and time constant. However we cannot establish that HCN
channels are the basis for the electrophysiological differences between
layer V pyramidal neurons as changes to the morphology of cortico-
pontine neurons can produce the same electrophysiological differences.
1 Introduction
The prefrontal cortex (PFC) is a part of the brain necessary for working
memory tasks such as remembering a seven digit phone number, or changing
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strategies while trying to recognize a series of patterns. In several psychi-
atric disorders such as schizophrenia, attention deficit hyperactivity disorder
(ADHD), and post-traumatic stress disorder (PTSD) the ability of the PFC
to perform these tasks is impaired. While the importance of the PFC is well
established, how the neurons perform working memory tasks is less clear. One
possible mechanism is by changing the activity of a particular ion channel
in PFC neurons known as the hyperpolarization activated cyclic nucleotide
gated (HCN) channels.
Unlike most cellular conductances, the H current is unique due to its
activation by hyperpolarization rather than by depolarization. These HCN
channels responsible for this current are expressed throughout the central
nervous system, including the PFC [6]. A recent study in monkeys demon-
strated that pharmacological inactivation of HCN channels in the PFC, in-
creased activity in the PFC, and enhanced working memory in the monkeys
[5]. Additionally, activation of HCN channels which decreases inputs be-
tween neurons may allow for filtering out irrelevant information. In mice,
knocking out the HCN1 gene in the forebrain resulted in enhanced learning
when navigating to a hidden platform through a water maze [1].
The prominence of HCN channels in the PFC and the fact that its block-
ade improves task performance makes it a powerful candidate as an impor-
tant mechanism in memory. However, it remains less clear which neurons in
PFC are affected by this HCN channel blockade. Recent data from a post-
doctoral fellow Dr. Nikolai Dembrow in the Johnston lab demonstrates that
layer V pyramidal neurons in PFC have distinctly different electrophysiolog-
ical properties depending on whether they project subcortically to the pons
(corticopontine) or across the corpus callosum to the other brain hemisphere
(callosal) [8]. Interestingly, if the corticopontine neurons are treated with
HCN channel blockers, their properties look similar to the properties of cal-
losal neurons, suggesting that H channels are perhaps the defining element
that separates corticopontine neurons from callosal neurons.
Testing whether the HCN channels are the cause of differences between
corticopontine and callosal neurons is complicated by two factors. The first
of which is that the two neuron types have different shapes or morphologies.
As reported by Mainen and Sejnowski, differences in morphology can dras-
tically alter firing patterns [2], thus it is important to additionally rule out
the possibility that the morphological differences between callosal and corti-
copontine neurons are not the reason for the electrophysiological differences
reported in the experimental data. A second complicating factor is that the
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HCN channels in most neurons tend to be enriched in the tree-like protru-
sions of neurons called dendrites. Unfortunately, dendrites are very difficult
to record from directly. Modeling thus becomes an invaluable tool in deter-
mining if H current is the reason for the electrophysiological differences we
see between callosal and corticopontine neurons.
In this paper we use the morphology of these neurons as a programming
environment so we can restore HCN channels and determine if H channels
are the sole reason for the electrophysiological differences between callosal
and corticopontine neurons. We expect that introducing h conductance into
these models will lower the input resistance, decrease the time constant and
result in a resonance frequency as previously reported by Dr. Dembrow.
2 Methods
2.1 Cellular Morphology
Corticopontine and callosal neurons were labeled by infusing retrogradely
transported flourescent tracer (Lumafluor beads) into the pons or the con-
tralateral cortex of a rat. Neurons that project to those regions will take up
the tracer after more than 48 hours. Dr. Dembrow then records from the
neurons containing the flourescent tracer either in the presence or absence of
a specific HCN channel blocker, ZD7288. In the process of making these elec-
trophysiological recordings, a benign compound Neurobiotin is introduced to
the neurons, filling its entire dendritic arbour. Slices were then fixed in 3%
glutaraldehyde made in .1M phosphate buffer and stored at 4 ◦C for at least
one day and up to three months. Fixed slices were processed and visualized
using an avidin-horseradish peroxidase complex (ABC complex) that is ac-
tivated by diaminobenzidine(DAB, Vector Labs) and mounted on slides in
glycerol. This staining allows the cell’s morphology to be observed through a
light microscope with a x40 objective and allows us to trace its morphology
in the Neurolucida program.
2.2 Simulations
Simulations were run on a single-compartment model of a cylinder using
NEURON as a simulation environment [7]. The diameter and length of the
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Given the specific intracellular resistance Ri(Ω ∗ cm), the specific membrane
resistance Rm(Ω ∗ cm2) and the input resistance RN(Ω), the proper length
(l) for a finite cylinder with these properties can be calculated for a specified
diameter (d). Membrane properties were set to a Cm = 1µ/cm
2, Rm = τ/Cm,
Ri = 50 Ω, and a temperature of 37
◦C. For the h conductance kinetics, the
τ = 18 ms and V1/2 = -81 mV and was implemented through a mod file
[3]. Traces for h conductance simulations were adjusted with an additional
simulated current clamp of -1.2, -2.175. -1.89 and -1.98 nA current injections
for the duration of 1000 ms and no delay for cells 1,2,3, and 4 respectively.
3 Results
3.1 Cylinder Models
Using the Rn and τ measurements from ZD7288 blocked corticopontine neu-
ron cells, we can construct single compartment cylinders restricted by these
measurements in Table 1 using the equation specified in the methods section.
These single compartment cylinders are useful as an approximation of the
modeled cell. As there are an infinite amount of cylinders that can be gener-
ated within the restrictions of our cell measurements, it is useful to further
restrict by another parameter such as surface area.
Calculating the surface area of the cylinder that does not include the ends
of the cylinder using the formula 2πrl, we show in Figure 1 that the surface
area as a function of diameter follows a decreasing exponential curve and is
not constant. The surface area of previously reconstructed corticopontine
neuron cells tend to vary from 30,000 to 50,000 µm2, thus a 300 to 450
µm diameter are suitable diameters that generate a reasonable surface area
we expect from our cells. For our purposes, all four cylinders modeling its
respective cell will have a diameter of 300 µm.
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Table 1: Measured cell parameters for each ZD7288 blocked corticopontine neuron cell.
Figure 1: Surface area of each cylinder as a function of diameter.
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Table 2: Calculated cell parameters for each ZD7288 blocked corticopontine neuron cell.
3.2 Input Resistance Decreases with H Conductance
We generated four single compartment cylinders, each as a model of the cell
parameters of its respective cell. Each cylinder for cells 1,2,3 and 4 was
constructed with a 300 µm diameter with lengths of 300.30, 535.94, 466.26,
487.68 µm respectively (Table 2).
Using the NEURON simulation environment, we injected a current step
at 50 ms for a 750 ms duration with an amplitude of 40 pA. In Figure 2 we
injected this current step in each cylinder before introducing h conductances
and after introducting h conductances to compare the change in input re-
sistance. The input resistance can be calculated by taking the magnitude
of the voltage response and using V = IR, divide by the amount of cur-
rent injected to obtain the input resistance. Both traces for each cylinder
were obtained with the same current, and for all four cylinders, the voltage
response is greater without h conductance then the voltage response with h
conductance. Thus the presence of h conductance lowers the input resistance
of the cylinder.
3.3 τ Decreases with H Conductance
To calculate the time constant (τ), a 400 pA current was injected at 50 ms
for 1 ms in a 200 ms window. In Figure 3 we injected this current in each
cylinder with and without h conductances. The time constant is equal to the
time for the voltage response to reach 1-1/e or 36.8% of its original value.
The top trace in each graph is the voltage response without h conductance
while the bottom trace includes h conductance. As the figure demonstrates
the voltage response for a cylinder with h conductance is lower than the other
trace, thus it is decaying at a greater rate and hits 38% of its original value
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Figure 2: Voltage response in cylinders in response to a 750 ms current step, the top trace in each
graph is the voltage response without h conductance and the bottom trace is the voltage response with h
conductance A: Cell 1 B: Cell 2 C: Cell 3 D: Cell 4
earlier than a cylinder without h conductance and consequently the value of
the time constant decreases with h conductance.
3.4 Resonance
The resonance of each of the cylinders were determined with a 15-s 15 Hz
Chirp stimulus. For all four cylinders the amplitude of the voltage response
in cylinders with h conductance were smaller then the amplitudes generated
from the cylinders without h conductance. Increasing h conductance in the
cylinders further decreased this amplitude. Resonance profiles could not be
determined visually and requires additional analysis to determine if there is a
resonance frequency. However a cursory examination of both traces demon-
strates that the amplitude for cylinders without h conductances starts at a
large value gradually decreases, while the trace for h conductance cylinders
looks uniform.
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Figure 3: Voltage response in cylinders in response to a 1 ms current step, the top trace in each
graph is the voltage response without h conductance and the bottom trace is the voltage response with h
conductance A: Cell 1 B: Cell 2 C: Cell 3 D: Cell 4
Figure 4: ”chirp” voltage response in cylinders, the top trace in each graph is with h conductance
present and the bottom trace does not include h conductance A: Cell 1 B: Cell 2 C: Cell 3 D: Cell 4
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Figure 5: ND122309A corticopontine neuron. Reconstructions were made from neurobiotin filled and
DAB processed neurons using Neurolucida. Surface Area = 33705.43 µm
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Figure 6: ND122309A corticopontine neuron with apical and basal dendrites removed.
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Figure 7: Top traces are from the altered the neuron, bottom traces are from the original reconstruction
A: Input Resistance B: Time Constant.
3.5 Morphology
To determine the effect of morphology on the electrophysiological properties
we are examining, the corticopontine neuron ND122309A was traced and re-
constructed in the Neurolucida program under a x40 objective in Figure 5.
This reconstruction can then be imported into the NEURON simulation envi-
ronment using Import3D and allow us to model the effects of h conductance.
As reported by Dr. Dembrow, corticopontine neurons tend to have longer
as well as denser apical and basal dendrites. We can mimick these differ-
ences by altering the morphology of the reconstructed cell by removing the
longer apical and basal dendrites as seen in Figure 6 and recording how input
resistance and the time constant are affected.
Using the same protocols for input resistance and the time constant from
the previous sections, we report in Figure 7 that decreasing the density of the
apical and basal dendrites as well as removing the longer dendrites increases
the input resistance and increases the time constant. Thus it is possible
that the lower input resistance and time constant in corticopontine neurons
could be attributed to the differences in morphology between corticopontine
neurons and callosal neurons.
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4 Summary and Conclusions
We generated four single compartment cylinder models bound by our cell
measurements as a model for ZD7288 treated corticopontine neuronal cells.
Insertion of HCN channels into these cylinder models resulted in a decrease
of input resistance as well as the time constant in comparison to the same
cylinders without HCN channels. These results match our expectations as
Dr. Dembrow demonstrated that corticopontine cells have a lower input
resistance and lower time constant, hypothesized as the result of the presence
of h conductance in corticopontine cells. While we were not able to generate
analysis on the chirp voltage response, it may be interesting to note that
the chirp voltage response of callosal cells was similar to the chirp voltage
response of a cylinder without inserted HCN channels.
To determine how morphology effects the same electrophysiological prop-
erties, we took a reconstruction of a corticopontine cell (ND122309A) and
lowered the density of its apical and basal dendrites as well as removed the
longer dendrites. Removing these dendrites increased the input resistance
and time constant of the cell, demonstrating that morphological differences
can not be ruled out as a possible explanation for the electrophysiological
differences seen between callosal and corticopontine neurons.
5 Future Work
Additional work will involve reconstructing a group of callosal cells and a
group of ZD7288 blocked corticopontine cells and directly comparing the
change in electrophysiological properties to determine exactly how much
morphology contributes to the ecltrophysiological differences. Further work
could also be extended in comparing models using a full reconstruction and
the cylinder approximation of the reconstruction to gauge the accuracy of
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